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Abstract—We present a distributed control strategy for a
team of quadrotors to autonomously achieve a desired 3D
formation. Our approach is based on local relative position
measurements and does not require global position information
or inter-vehicle communication. We assume that quadrotors
have a common sense of direction, which is chosen as the
direction of gravitational force measured by their onboard
IMU sensors. However, this assumption is not crucial, and our
approach is robust to inaccuracies and effects of acceleration
on gravitational measurements. In particular, converge to the
desired formation is unaffected if each quadrotor has a velocity
vector that projects positively onto the desired velocity vector
provided by the formation control strategy. We demonstrate
the validity of proposed approach in an experimental setup and
show that a team of quadrotors achieve a desired 3D formation.
SUPPLEMENTARY MATERIAL
Video of the experiments is available at
https://youtu.be/KDA4XR2yoeI.
I. INTRODUCTION
Thanks to technological advances in recent years, it is now
possible to deploy a team of unmanned aerial vehicles to
collaboratively map and monitor an environment [1], inspect
infrastructures [2], deliver goods [3], or manipulate objects
[4]. In these applications, the ability to bring the vehicles to
a desired geometric shape (i.e., formation) is a fundamental
building block upon which more sophisticated maneuvering
and navigation policies can be constructed.
There exists a large body of work on formation control
of autonomous vehicles [5]. However, many methods rely
on a centralized motion planning scheme or a global po-
sitioning/communication paradigm [6]–[8]. Fully distributed
formation control strategies [9]–[12], on the other hand, do
not have these requirements and compared to the centralized
methods have better scalability, naturally parallelized com-
putation, and resiliency to global positioning signal jamming
or loss.
In this abstract, we present a distributed control strategy
for a team of quadrotors to achieve a desired 3D formation.
We assume that quadrotors have a common sense of direc-
tion, which is chosen as the direction of gravitational force
measured by their onboard IMU sensors and is used to align
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Fig. 1. Crazyflie quadrotors achieving a 3D formation.
the z-axes of their local coordinate frames. The local relative
positions of neighboring vehicles are multiplied by a set of
constant gain matrices that are provided to each quadrotor
before the mission, and summed to derive a desired direction
of motion.
The main contribution of this abstract include extension
of our previous work on planar formations [13], [14] to
3D formations and a novel approach to design the required
control gain matrices via semidefinite programming. Our
approach can be applied on existing quadrotor platforms and
is robust to noise, disturbances, and forces that can affect
the estimated direction of gravity1. Furthermore, no global
position information is needed, and a distributed collision
avoidance scheme naturally arises from our strategy.
II. METHODOLOGY
In this section, we formulate the control strategy followed
by a brief discussion on its design and properties. Due to
space constraints and nature of this manuscript, mathematical
proofs are omitted and will be presented in a future work.
A. Distributed Formation Control
To bring a team of n ∈ N quadrotors to a desired 3D
formation, we define the desired direction of motion ui ∈R3
for each quadrotor as
ui := ∑
j∈Ni
Ai j q ij, (1)
where i ∈ {1, 2, . . . , n} denotes the index of each quadrotor,
Ni ⊂ N is the index set of neighboring vehicles for the i-
th quadrotor, q ij ∈ R3 denotes the position of quadrotor j
1In particular, our approach is robust to accelerometer measurement
inaccuracies discussed in [15].
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in quadrotor i’s local coordinate frame, and Ai j ∈ R3×3 are
constant control gain matrices that have the form
Ai j =
[ai j −bi j 0
bi j ai j 0
0 0 ci j
]
, (2)
and are provided to quadrotors before the mission. The local
coordinate frame of each quadrotor is adjusted so that its z-
axis is along the negative gravitational force direction that is
measured by the onboard IMU sensor. Note that (2) can be
considered as a rotation matrix about the z-axis and a scaling
along the z-direction of each quadrotor’s local coordinate
frame. Hence, (1) can be implemented using only the local
relative position measurements.
We assume that the low-level flight controllers of the
quadrotors regulate their linear velocities to the desired
values ui given by (1), and the orientation of quadrotors
(including yaw motion) is not considered. We point out
that (1) is robust to unmodeled dynamics and disturbances,
and can be extended to incorporate quadrotor dynamics and
directly control propellers’ thrusts (see our previous work
[14].)
If the Ai j matrices are chosen properly, it can be shown
that under control (1) the desired formation is achieved up
to a translation in R3, a rotation and scale factor along the z-
axis, and a non-negative overall scale factor. To fix the scale
factor, (1) can be augmented by a bounded, odd, and smooth
map f : R→ R as
ui := ∑
j∈Ni
Ai j q ij+ f (di j−d∗i j)q ij, (3)
where di j := ‖q ij‖ denotes the distance between quadrotors
i and j, and d∗i j ∈ R is its desired value. Possible choices
for f are f : x 7→ 1k arctan(x) or f : x 7→ 1k tanh(x), where
k> 0 is an arbitrary constant. The role of f in (3) is to push
quadrotors toward/away from their neighbors to achieve the
desired scale.
B. Control Gain Design
To design gain matrices that lead to desired formation,
we propose a novel approach based on a semidefinite pro-
gramming (SDP) formulation. Our approach is described in
Algorithm 1, where A ∈R3n×3n is the aggregate gain matrix
consisting of the Ai j blocks, λ1(·) denotes the smallest eigen-
value of a matrix, and q∗, q¯∗, ¯¯q∗ ∈ R3n respectively denote
the aggregate vectors of desired formation coordinates, 90
degree rotated coordinates about the z-axis, and projected
coordinates on the x-y plane. Further, 1x := 1n⊗ [1, 0, 0]>,
1y := 1n⊗ [0, 1, 0]>, 1z := 1n⊗ [0, 0, 1]>, where 1n ∈ Rn is
the vector of 1’s, and ⊗ denotes the Kronecker product.
It can be shown that if the sensing graph among quadrotors
is undirected and universally rigid, Algorithm 1 is guaranteed
to find the gain matrices that bring the quadrotors to the
desired formation. If the sensing graph is time-varying, by
adding additional constraints to the SDP problem one can
ensure that the desired formation is achieved regardless of
the switches in the sensing topology. This idea has been
explained in more detail in our previous work [16].
Algorithm 1: Control gain design.
input : Desired formation coordinates q∗.
output: Aggregate gain matrix A.
step 1: Let N := [q∗, q¯∗, ¯¯q∗, 1x, 1y, 1z].
step 2: Compute SVD of N =U SV>.
step 3: Define Q as the last 3n−6 columns of U .
step 4: Using a SDP solver, solve
A = argmax
ai j ,bi j ,ci j
λ1(−Q>AQ) (4)
subject to AN = 0
C. Properties
By using the gains computed from Algorithm 1 in (1) (or
(3)), it can be shown that the following properties hold:
• The control is robust to perturbations, noise, and distur-
bances in the position measurements.
• The control is robust to unmodeled dynamics and input
saturations.
• Convergence to the desired formation is unaffected by
any positive scaling of the control vector.
• Convergence to the desired formation is unaffected by
any rotation of control vector up to 90 degrees.
The last property indicates that the control is robust to any
inaccuracies in the measured direction of gravitational force,
which can be caused by noise or quadrotor acceleration. This
is because such effects can be modeled as a small rotation
in the desired direction of motion, for which convergence
to the desired formation is not affected. This property can
further be exploited to design a fully distributed collision
avoidance scheme. Especially, each quadrotor is encapsulated
in a safety cylinder to avoid both collisions and air flow
disturbances. If the desired control direction points toward
the safety region of another vehicle, the control is rotated to
point outside of this region. If the required rotation is above
90 degrees, the quadrotor stops until a feasible direction
becomes available. Although gridlocks can occur due to the
distributed nature of this strategy, in our simulations we have
observed that if quadrotors are initially far apart, they can
often overcome them and converge to the desired formation.
III. EXPERIMENTAL RESULTS
We present an experiment to show that a team of quadro-
tors can achieve a desired formation without collision. Our
experiment is based on Crazyflie quadrotors, shown in Fig. 1,
and Vicon motion capture system for localization. Although
the position feedback provided by the Vicon system is given
in a global coordinate frame, only the relative position
measurements of neighboring vehicles are used to compute
the control direction for each quadrotor. Furthermore, to
mimic the direction of gravitational force measured by an
IMU sensor, the z-axes of quadrotors’ body frames returned
by the Vicon system are chosen as the direction of gravity.
Note that in general, the z-axes are not perfectly aligned
as the quadrotors move to achieve the desired formation.
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Fig. 2. (Top) Snapshots of experiment video for 5 quadrotors with a square pyramid desired formation. (Bottom) Coordinates of quadrotors associated to
each snapshot plotted using Vicon data.
This effectively demonstrates the robustness of our method
to measurement inaccuracies in the direction of gravitational
force that may be present in a fully distributed implementa-
tion.
Fig. 2 shows snapshots of the experiment for 5 quadrotors
while reaching a desired square pyramid formation. The
sensing topology among the quadrotors is chosen as a
complete graph. The quadrotors are initially placed on a
line on the ground. They then move to an altitude of 70
centimeters and execute the control stratey (3) to achieve the
desired formation. The location and trajectory of quadrotors
constructed using Vicon measurements are shown below the
associated snapshots, where the sensing topology among
quadrotors is shown by gray lines connecting them. As can
be seen from the figure, the quadrotors achieve the desired
formation, where by rotating their desired direction of motion
when necessary they avoid collision. Link to experiment
videos are provided in the Supplementary Material section.
IV. FUTURE WORK
Due to the distributed nature of our collision avoidance
strategy gridlocks can occur. Incorporating a communica-
tion scheme such that agents can detect/avoid the gridlock
situations will be a topic of future work. Further future
research include leveraging leader-follower strategies for
cooperative navigation of multiple UAVs, hence, allowing
a single human operator to navigate a team of UAVs while
they autonomously travel in a specified formation.
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